The relationship of thionein synthesis rates to translatable cytoplasmic thionein mRNA levels was investigated for the first time in a cultured cell system. Thionein synthesis was induced in Cd , a cadmiumresistant variant of CHO, by exposure to 2 pM CdCl.. Following a short (1.5 hr) lag, thionein synthesis increases to a rate tha^ is at least 30 times the uninduced rate 7-8 hr after addition of Cd . This increase is blocked by the coincident addition of actinomycin D. Cytoplasmic thionein mRNA levels, measured by translation in a modified wheat germ system, increase rapidly following induction to values approximately 25 times uninduced levels within 6-8 hr. The increases in thionein mRNA precede proportionate ^creases in thionein synthesis by 0.5-1.0 hr. Continued exposure to Cd results in a decreased thionein synthesis rate after 8 hr. By 30 hr, the rate is one-half that seen 6-8 hr after induction. Removal of Cd after 8 hr results in a rapid decrease in thionein synthesis (t]/2 -4 hr). Both decreases are inhibited by the addition of actinomycin. In all instances-induction, deinduction, and actinoraycin-mediated "superinduction"-translatable thionein mRNA levels and thionein synthesis rates increase, decrease, or are maintained coordinately. The results suggest that thionein synthesis in Cd r is controlled primarily by the level of translatable cytoplasmic thionein mRNA.
INTRODUCTION
Thionein is a small metal-binding protein of unusual composition.
Cysteine represents 20 of the 61 amino acids found in human, mouse, and equine thionein, and there are no aromatic residues (1, 2) . Several lines of evidence suggest that this protein functions in the homeostasis of Zn and in the detoxification of Cd (1) . When isolated from animal tissues, thionein is found complexed with both cations (as metallothionein) in varying ratios, but with an essentially constant ratio (3:1) of cysteine residues to total bound divalent metal (1) .
Metallothionein was first found in equine kidney (3) . Since then it has been shown to be ubiquitous, occurring at different levels in tissues of higher animals as well as in lower forms of life, including shell fish, yeast, and fungi (1) . There is some variation in amino acid composition throughout its range of occurrence; however, the essential features that distinguish the protein and identify it as a metallothionein are maintained (i.e., cysteine richness, low molecular weight, deficiency of aromatic amino acids, and binding of Group I and Group II soft acids).
Most studies of metallothionein have emphasized its role in metal horaeostasis and detoxification. However, the induced synthesis of this protein provides a unique system for studying mechanisms involved in gene expression.
The small size and high cysteine content of metallothionein facilitate measurement of its synthesis. Metallothionein synthesis can be induced in cultured cells or in vivo (1, (4) (5) (6) (7) (8) (9) , in higher or lower animals (1), in fibroblasts as well as epithelial cells (4) (5) (6) (7) 10, 11) , using physiological (Zn ) or nonphysiological (Cd , Hg ) inducers (1) . Further, with cultured cell systems, stable variants possessing increased inducibility (i.e., greater resistance to Cd ) are obtained readily (6, 12) and can be applied to identify the mechanisms regulating thionein induction.
Previous studies on the regulation of thionein induction were performed primarily in animals. These studies showed that thionein synthesis in vivo is sensitive to actinoroycin D during the early stages, suggesting that induction occurs at the level of increased mRNA synthesis (4, 9, 13) . Moreover, Zn -mediated induction ini vivo results in a maximal response 5-6 hr after administration (9) , and its synthesis then decreases unless cycloheximide or actinomycin D (AMD) is present (14) , suggesting that thionein mRNA turns over rapidly unless RNA or protein synthesis is inhibited.
In comparison with animal systems, cultured cells offer the advantages of more precise control over the administration and removal of the inducing agent, absence of secondary hormonal effects, more exact determination of cell number and viability, and the ability to generate stable genetic variants. In our Laboratory, the effects of Cd on the growth and viability of cultured Chinese hamster cells (CHO), as well as the uptake of Cd and partitioning in CHO, have been studied in detail (5) . A stable variant (Cd ) has been derived which is -100-fold more resistant to the cytotoxic effects of Cd and which responds to Cd exposure with increased thionein synthesis, while cellular uptake of the metal is the same (12) . Thionein induction kinetics and the extent of increase in metallothionein during Cd exposure in Cd r are comparable to the response of liver cells exposed to Cd in vivo or in culture (7, 15) . The above components were combined on ice, 16 pi was transferred to 25°C for 10 min, and then 4 pi of RNA or sterile water (endogenous activity) was added for an additional 125 min. The final translation product was analyzed in one of three ways:
(1) Total trichloroacetic acid (TCA) precipitable counts.--At specified times, 5-jil aliquots of the reaction mixture were spotted on Whatmann 3MM filter discs pretreated with 50 pi of 10% TCA containing 0.1 M cysteine. The filters were batch-washed in cold 5% TCA and then heated at 90°C for 30 min to hydrolyze aminoacylated transfer RNA. They were washed twice in cold 5% TCA, twice in cold ethanol, and finally in diethyl ether. Following air-drying, the filters were counted in 10 ml of a toluene-PPO-POPOP scintillation fluid.
(2) SDS polyacrylamide gel electrophoresis.--To terminate a 20-pl translation assay, 10 pi of 4x SDS buffer [200 mM Tris-Cl (pH 8.9), 8% SDS, 50% glycerol] was added and the samples transferred to ice. After all the reactions were terminated, the samples were warmed to 37°C to dissolve the SDS, 10 (Jl of 100 mM DTT was added, and the mixture was boiled for 5 min.
The dissociated proteins were then carboxymethylated [50°C, 15 min (22)] by adding 7 |il of 1 H iodoacetate (Sigma) freshly dissolved in water and adjusted to approximately pH 8. SDS polyacrylamide gel electrophoresis was carried out as reported (23) using cylindrical (0.5 x 10 cm) 15% gels.
Generally, 20-pl samples were applied and they, as well as the running buffer, were prewarmed to 37°C to avoid protein aggregation (see Fig. 5 ). Following, electrophoresis (1.5 mA/gel), the gels were sliced into 1.8-mm sections, dissolved (60°C, 16-24 hr) in 1 ml of 30% hydrogen peroxide, and counted in 10 ml of Aquasol (New England Nuclear).
(3) Native slab gel electrophoresis•--Native slab gels (7.5%, 10 cm in length) were poured essentially according to Davis (24) , but with several modifications. Ammonium persulfate and TEMED were added separately (23), the lower gel buffer was adjusted to pH 9.5 as opposed to pH 9, both the stacking (4.5%) and running (7.5%) gels contained the same acrylamide/bis ratio of 37.5, and finally each gel contained Triton X-100 at a concentration of 0.05%. In all cases, the gels were pre-electrophoresed for -3.5 hr at 10 mA per slab. Translation samples (20 (jl) were diluted with 30 \ll of a solution containing 34% glycerol, 0.16% p-mercaptoethanol, and 0.32% Triton X-100.
Twenty (jl of this mixture was layered onto the stacking gel and, after the dye (bromophenol blue) band reached the end of the gel, the slab was cut into 3 x 10-mm sections that were prepared for liquid scintillation counting as described above.
To calibrate both gel systems, metallothionein was isolated from expo- 
RESULTS
Accurate Quantitation of Levels of Translatable Thionein-Specific mRNA.--The wheat germ system has been used by a number of investigators to measure levels of specific messages (18, 19, 26) . We show here that it may be adapted to measure translatable thionein mRNA levels. Poly A-containing RNA was prepared from the cytoplasm of Cd cells exposed to high, but subtoxic, levels of cadmium for 8 hr. Under these conditions, the rate of cellular metallothionein synthesis is maximal (12, 27) . Cysteine was selected as a label, since metallothioneins contain about 30 mol % (1). As shown in (Fig. 2C) . Three further experiments suggest that this peak is thionein. First, the peak is leucine-poor but cysteinerich, a characteristic of all isolated thioneins (1). In separate 35 14 experiments, the ratio of [ Sjcysteine to [ C] leucine incorporated into material in the thionein peak (e.g., Fig. 2C ) is 5.8, while that ratio in the nonthionein region of the gel (e.g., relative mobility 0.2 to 0.6) is 0.91.
Second, the peak is not present using poly A-containing RNA from uninduced 7 cells, lyophilized, and then dissolved in 120 pi of SDS sample buffer. The sample was reduced, carboxymethylated, and 20 pi resolved as described in the Materials and Methods section. (C) Cell-free product. Poly Acontaining RNA was isolated from the cytoplasm of uninduced Cd cells (-|-) or Cd r cells exposed to 2 pM Cd for 8 hr (-A-) and translated in the optimized wheat germ system at a final concentration of 74 pg/ml. The product was reduced, carboxymethylated, and resolved as described in the Materials and Methods section. The arrows in panels (A), (B), and (C) indicate the relative mobility of authentic thionein. cells (Fig. 2C ) that synthesize little metallothionein in cell culture (12, 27) . Finally, the cell-free translation product from induced cells separates into two peaks on native gels, as does the partially purified cellular product (Fig. 3) . These two forms of metallothionein are characteristic of metallothioneins from other sources and reflect charge differences due to variations in amino acid composition (25) . In this case, the gels were pre-electrophoresed and p-mercaptoethanol was included in the sample to avoid oxidative crosslinking of metallothionein. This treatment does not dissociate bound metal, since Cd tracks with [ S]cysteine during electrophoresis of partially purified cellular metallothionein (data not shown).
The fact that the cell-free products co-migrate with the authentic metallo- Thus, by several criteria, thionein is effectively synthesized in a wheat germ assay that has been optimized on the basis of cysteine incorporation. Under conditions of either dissociating or native gel electrophoresis, a majority of the label co-migrates with either cellular carboxymethylthionein or metallothionein(s), respectively. [In the case of the native gel pattern (Fig. 3) , this is especially evident if the endogenous counts are subtracted from the stimulated profile.] As anticipated, the cell-free product contains little or no leucine and is absent when translating RNA from cells that synthesize only trace amounts of metallothionein (Fig. 2C) . In the cell-free reaction, the reverse is observed. Thus, the wheat germ extract is highly efficient in translation of thionein mRNA.
In addition to the efficient translation of thionein mRNA in the wheat germ extract, the results shown in Fig. 2C Can the wheat germ system, then, be used to quantitate the levels of thionein-specific mRNA? As reported previously (26, 29) , the stimulation of protein synthesis is a complex function of RNA levels. We have verified those findings using poly A RNA from Cd -induced cells. The thionein synthesis response is linear with RNA concentration only up to 20 pg/ml, peaks at 74 pg/ml, and thereafter declines gradually as the RNA level is increased. However, if the total RNA concentration is maintained at a constant value (74 pg/ml) by combining poly A-containing RNA from cadmiumstimulated cells with that isolated from nontreated cells (taking advantage of the fact that RNA from nontreated cells produces very little thionein synthesis, i.e., only -2-fold greater than endogenous incorporation in SDS gels), then the total counts associated with the thionein peak (SDS gels) are proportional to the fraction of RNA contributed by the metal-challenged cells (Fig. 4) . This procedure for obtaining linear RNA dose-thionein synthesis response over a broad range of RNA concentrations circumvents the difficulties encountered in the nonlinear responses reported recently (29) . Hence, although the absolute level of thionein messenger in a given preparation is not known, it can be expressed accurately on a relative basis (Fig. 4) . Thus, in the following experiments, all measurements of translatable thionein mRNA were made using poly A RNA at 74 pg/ml in the cellfree assay.
Cellular Thionein Synthesis and Relative Thionein mRNA Levels during Induction and Deinduction.-Exposure of Cd cultures to 1 or 2 pM CdCl results in a rapid increase in thionein synthesis that is evident within 1.5 hr and is maximal 7-8 hn after induction at a rate that is about 30 times the uninduced rate (Fig. 5A) . Thereafter, despite continuing exposure to Cd , the synthesis rate decreases and is 30-50% of the maximal rate by 24 hr Fig. 4 . Quantitation of relative levels of thionein mRNA. Poly A-containing RNA was isolated from maximally induced and uninduced Cd cells. The final RNA concentration in the translation reaction was held constant at 74 pg/ml, while the fraction of RNA from induced cells was varied from 0 to 1.0. The cell-free products were resolved by SDS electrophoresis, and the total counts associated with the thionein peak were corrected for endogenous activity. 
EXPOSURE(h)
from the low basal level (unpublished results). Quantitation of thionein poly A mRKA levels by translation in an optimized wheat germ system shows that thionein mRNA levels increase following induction in such a fashion that the maximal (8 hr) value appears to be attained 1 hr sooner than the corresponding thionein synthesis rate (Fig. 5A ). The magnitude of the increase in thionein-specific poly A mRNA relative to the uninduced basal rate (-25-fold, as found by averaging four independent measurements) is similar to the increase in thionein synthesis rate (-30-fold), although in both cases the low uninduced levels are difficult to measure.
Deinduction was achieved by removing the cells from the CdCl.-containing medium and suspending them in fresh Cd -free medium. A decrease in thionein synthesis rates occurs -1 hr after the removal of Cd , and the rate drops rapidly thereafter, with a half-life of about 4 hr (Fig. 5B) . At the same time, the relative level of translatable thionein mRNA decreases in concert with the relative rate of cellular metallothionein synthesis (Fig. 5B ).
Actinomycin D Effects on Thionein Synthesis and Thionein mRNA Levels.--Actinomycin D (5 |ag/inl) added within the first 1 hr after induction almost completely inhibits the response assayed 7 hr postinduction (Table I ). This inhibition also may be effected by low (0.05 pg/ml) levels of actinomycin that do not block general mRNA synthesis (30) , but the inhibition is less marked.
The question arises as to whether actinomycin 0 superinduction is observed in the thionein system. This phenomenon is characterized by the actinomycin D-mediated (2-5 Mg/ml) elevation of the rate of synthesis of a specific product relative to an untreated control when the drug is applied near the time of maximum synthesis (31) . To determine whether superinduction occurs in the thionein system, actinomycin D (2 pg/ml) was administered to a maximally induced culture (2 \M Cd ,8 hr) and, at 16 hr postinduction, the relative rate of metallothionein synthesis and the relative thionein mRNA level were measured. The results of this experiment (Table II) 
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All cultures were induced with 1 |JM Cd at zero hr, and AMD was added at the indicated times to the desired final concentrations. The rate of, metallothionein synthesis in each culture is taken as the amount of [ S]-cysteine incorporated per pg protein per 30 min, and the value is compared to the induced control (given a value of 100). It should be noted that the high level of AMD also partially inhibits net cellular protein synthesis, as reported in tyrosine aminotransferase induction (17) . In summary, the rapidity of induction and deinduction of thionein synthesis rates, the correlation of these rates with translatable cytoplasmic thionein mRNA levels, and the sensitivity of induction to actinomycin suggest that thionein synthesis is closely controlled at the level of transcription of a short-lived mRNA. Proof of this suggestion will be sought using DNA complementary to thionein mRNA to measure actual thionein mRNA synthesis, transport, and turnover rates.
